further characterization. We purified the membrane protein to homogeneity (Fig. S1A ) 96 and determined the oligomeric state of purified OSCA using size-exclusion 97 chromatography coupled to multi-angle laser light scattering (SEC-MALLS) analysis, 98 revealing the detergent solubilized protein to be a dimer (Fig. S1B) . 99 100
Functional Reconstitution of OsOscA1.2. Reconstitution of the OsOSCA1.2 101 purified proteins into droplet interface bilayers (DIBs) indicated the purified protein is 102 fully functional, mediating ion transport ( Fig. S1C-H (EK+: 54 mV after correction for ionic activities), indicating a modest selectivity for K + 112
over Cl -as suggested by the calculated PK+/PCl-= 5 ± 1 (Fig. S1I) . The appearance 113 of infrequent 50% current amplitude sub-conductance state ( Fig. S1H ) was consistent 114
with the proposed assembly of two cooperative subunits as confirmed by the dimeric 115 nature of the OsOSCA1.2 channels inferred from SEC-MALLS (Fig. S1B) . The result 116
is also consistent with and other recent studies of OSCA proteins (6, 7). Overall, the 117 above experiments confirmed functionality of our purified OsOSCA1.2 protein.
119
Structure of OsOSCA1.2. We determined a molecular structure of OsOSCA1.2 by 120 single-particle cryo-electron microscopy to an overall resolution of 4.9 Å and local 121 resolution in the membrane of 4.5 Å, revealing a dimer of C2 symmetry related 122 subunits (Fig. S2) . The overall dimension of the protein are 140 Å x 55 Å x 85 Å. Each 123 protomer is comprised of eleven transmembrane (TM) spanning segments, associated 124 extra-and intracellular loops and an intracellular soluble domain (Fig. 1A) . All eleven 125 transmembrane helices and the soluble domain are well resolved in our cryo-EM maps 126 and large side chains provided suitable markers for ensuring proper sequence 127 registration during atomic model building. (Fig. S3) . The final atomic model comprises 128 1388 out of the expected 1424 residues with good geometry and an EMringer (8) score 129 of 0.89 (Table S1) Anoctamin family (ANO; TC: 1.A.17.1) for which high-resolution 3D structure are 136 available (10, 11) . Following a recently published bioinformatics approach (5), we had 137 further predicted that OsOSCA1.2 had eleven TMs and the eighth hydrophobicity peak 138 is composed of two TMs (Fig. 1B) based on hydropathy analysis and comparison of 139 regions with the fungal homolog Nectria haematococca TMEM16 (NhTMEM16) (10).
140
For convenience, we have kept the numbering convention of TMs consistent with 141
NhTMEM16, and thus we refer to OSCA1.2's additional N-terminal TM as TM0 (Figs. 142 1C-D). Despite a relatively low degree of sequence similarity, we later confirmed that 143
OsOSCA1.2 shares significant structural homology to the TMEM proteins with respect 144 to ten of the eleven transmembrane regions, corresponding to TMs1-10 in the mouse 145 TMEM16A (mTMEM16A) structures. 146 147 TM0 threads from the extracellular N-terminal end of the protein through the 148 membrane, linking to TM1 via a ~50 residue strand that is likely conformationally 149 flexible. This portion of the protein is the only region not fully resolved in our density 150 maps (Figs. 1B-D) . A short helix on the cytoplasmic side then precedes TM1 and the 151 C-terminal end of TM2 leads into the soluble cytosolic region of ~170 residues. The 152 remaining helices represent the anoctamin domain, encapsulating the pore region for 153 ion conductance. TMs3-4 are located on the outer edge of the transmembrane region 154 and are tilted with respect to the membrane. TMs7-8 are shorter in length and are the 155 only TMs that do not span the entire length of the membrane, with the connecting loop 156 (residues 578-583) being embedded in the membrane and consisting of hydrophobic 157 residues. 158 159
The soluble domain is located on the intracellular side of the channel joining TM2 160 and TM3 and makes important structural contacts with the C-terminus (Figs. 
1B-D).

161
A core globular domain comprises a four-stranded β-sheet buttressed by two short 162
helices that interestingly forms a canonical RNA recognition motif (RRM) fold (12 T335, Q336, Q337, T338, S339, L681, Q682, and E683 from both subunits likely make 172 several hydrogen bonds and hydrophobic interactions (Fig. 2C) . Interestingly, the TMs 173 from each subunit do not cause significant interactions contributing to the dimer 174 interface. The orientation and offset of the two halves of the dimer creates a large 175 cavity between the two protomers, which, as predicted in other AtOSCA structures (6, 176 7, 14) , is likely filled with lipids when embedded in the cell membrane. 177 178
The ion conductance pore of OsOSCA1.2 is contained within each monomeric 179 subunit (Fig. 2D) , and formed between TMs 3-7 as suggested by the topological 180 similarities with mTMEM16A. Using the program HOLE to visualize the putative ion 181 permeation pathway (15), the overall shape of the pore resembles an hourglass. The 182 extracellular and an intracellular vestibule are bridged by a narrow neck region that is 183 about 20 Å long through the membrane. The putative pore has an opening more than 184 12Å wide towards the extracellular side and narrows into the 'neck' region 185 approximately 15 Å down the conduction pathway. The tightest juncture is ~0.8 Å wide, 186 suggesting that this channel structure is in a closed conformation. The calculated pore 187 profile predicts that the hydrophobic residues F511, F512, and Y515 on TM6 and V472 188 and Y464 on TM5 forms a gate that completely blocks the channel pore (Fig. 2E) perturbations, having the propensity to act as a broadcaster/receiver, extending to the 201 central core sheet structure of the soluble domain and, more interestingly, TM6, which 202 is proposed to be the ion gating helix in related structures (6, 7, 10, 11, 14 couple to the presumed gating helix TM6 and most likely to be responsible for sensing 222 lateral tension in the membrane. The helix closest to the inner leaflet side of the 223 membrane was covered by two peptides (corresponding to residues 244-257 and 245-224 257). Deuterium incorporation profiles revealed that this region was tightly protected 225 from exchange, indicative of rigid dynamics or association with a nearby surface (Fig.  226  3C) . The following segment was also covered by two peptides (residues 258-279 and 227 258-286), which correspond to the C-terminal end of the protected helix and a nearby 228 loop in our structure. This region was ~25% saturated with deuterium nuclei at the 229 earliest measured time point of 1 minute, indicating rapid exchange associated with 230 conformational flexibility. The remainder of this segment increased deuterium content 231 by ~5% over 5 minutes suggesting conformational motions that gradually increased 232 exposure to solvent. The helix farther from the membrane was covered by three 233 peptides (residues 287-320, 289-320, 305-320) and similarly displayed rapidly-234 exchanging amides and ongoing deuterium exchange. Mass spectra from peptides 235 corresponding to the unstructured loop and helix farther from the membrane all 236 displayed bimodal deuterium uptake, which was more prominent among peptides 237 corresponding to the loop (Fig. S4B) . The ongoing dynamics in sharp contrast to the 238 rigidity of the helix (residues 241-266) closer to the membrane. Despite being spatially 239 and sequentially near each other, these two intracellular helices have very different 240 dynamic properties. 241 242
Topological insertion of OSCA in tA201 Cells. As the OSCA family inserts an 243 addition helix, TM0, we investigated the orientation of the ion channel in the cell 244 membrane in mammalian human embryonic kidney tsA201 cells. The topological 245 prediction and structures suggested that the N-and C-termini of the molecule were on 246 opposite sides of the membrane (Fig. 1B) . thaliana (6, 7, 14) . A superposition of these structures 268 with OsOSCA1.2 showed a significant difference (rmsd ~3-4Å) for the pore-lining 269 helices (TM3-7) along with TM0 and TM8 (Fig. 4A) . When comparing intracellular 270 soluble domains, the extended helical arms of OsOSCA1.2 had noticeable differences 271 compared to that of AtOSCA1 (Fig. 4A ). These differences are likely due to a 272 combination of conformational flexibility inherent in the detergent solubilized protein 273 and structural difference between species. 274 275
OsOSCA1.2 also shares structural homology to the TMEM family (mTMEM16A, 276 NhTMEM16) when comparing monomeric transmembrane domain regions. However, 277 they differ significantly in the regions of extra-and intra-cellular loops and domains as 278 well as the intermolecular packing arrangement of the respective dimers. The dimer 279 interface of mTMEM16A buries less surface area (~2%) compared to OsOSCA1.2 and 280 most of the interactions are mediated through the TM domains. The intracellular 281 domains of mTMEM16A and nhTMEM16, which are formed by the N and C-termini of 282 the molecule, do not contribute to the formation of the dimer (Fig. 4B) . In contrast, 283
OsOSCA1.2 dimerizes mostly through interactions formed between the opposing 284 intracellular soluble domains. This distinct dimeric packing resulted in a more 285 pronounced offset between protomers, that is ~20 Å wider for OsOSCA1.2 compared 286 to NhTMEM16 or mTMEM16A. In our OsOSCA1.2 structure, the extended helical arm 287 in the intracellular soluble domain make hydrophobic contacts with the loop connecting 288 the gating helix TM6 (Fig. 4C) , suggesting a possible role for the helical 'arms' in 289 sensing the membrane tension and, in turn, transmitting these 290 conformational/mechanical changes to gate ion conductance (Fig. 4D ). This feature 291 is, of course, missing in TMEM16 channels as Ca 2+ ions control gating. 292 293 Our OsOSCA1.2 structure likely represents the non-conducting state conformation 294 as no tension, pressure or osmolality mismatch was applied between the intracellular 295 and extracellular sides of the OsOSCA1.2 protein during cryo-EM sample preparation. 296
Indeed, the tightest juncture in the pore is ~0.8 Å wide ( Fig. 2D-E ). Our DIBs study 297 suggests that the reconstituted OsOSCA1.2 protein could conduct ions (Fig. S1E ).
298
Interestingly, when the OsOSCA1.2 structure was compared to mTMEM16A, we 299 found a π-helical turn at TM6 near the 'neck' region of the pore that might be 300 associated with ion gating and channel opening in a similar fashion (Ca 2+ activated π-301 to-α transition) to that observed in mTMEM16A (11, 20) . The regulatory Ca 2+ binding 302 site composed of acidic and polar residues (E702 and E705 from TM7, E734, and 303 D738 from TM8, and N651 and E654 from TM6 in mTMEM16A) are well conserved in 304 the TMEM16 family (Fig. 4E) . However, when compared to the corresponding same 305 region in OsOSCA1.2, the negatively charged residues D519 and E527 on TM6 and 306 polar residue R568 on TM7 locate spatially different (Fig. 4F) . Therefore, OsOSCA1.2 307 will likely not specifically bind calcium ions in this region. 308 309
Computational dynamic studies using our OsOSCA1.2 model and experiments 310 using hydrogen-deuterium exchange with detergent solubilized OsOSCA1.2 protein 311 provided a molecular structural basis of how OsOSCA1.2 couples osmotic stress to 312 induce ion channel gating in the membrane spanning region. Taken together, both 313 studies predict and suggest that the extended helical arms (residues 241-266) have 314 the mechanical rigidity and propensity to act as a broadcaster/receiver, transmitting 315 conformational changes caused by lateral tension in the membrane to TM6 (Figs. 3, 316 4F), which is important for gating ion conductance. In addition, information from 317 HDXMS revealed the presence of bimodal deuterium exchange throughout the 318
OsOSCA1.2 (Figs 3B-C and S4B), most prominently within the helical arms (residues 319 258-320) and some extracellular loops (residues 489-511). Bimodal exchange is 320 indicative of multiple correlated unfolding processes occurring in the observed regions 321 (21). Interestingly, in each peptide where bimodal peaks were observed, the two peaks 322 remained equal in intensity over the entire course of the experiment, suggesting at 323 least two distinct conformational states occupied by the molecular ensemble at 324 equilibrium in the resting state. 325 326
Several electrophysiological studies have used mammalian cells over-expressing 327 OSCA channels to measure conductance gated by direct mechano-transduction or 328 pressure (1, 4, 6). Interestingly, we found that the C-terminus and presumably the 329 entire cytosolic domain (residues 191-363) were on the outside when OSCA channels 330 were over-expressed in mammalian cells (Fig. S5) . This finding suggests and could 331 explain why channel opening due to changes in ion concentration may be impaired.
332
As previous studies suggested Ca 2+ conductance, we further probed ion flux using 333 FURA2 using these cells as proxy for calcium but found no changes relative to controls 334 for either hyper-or hypo-osmotic conditions (Fig. S6) . It remains unclear whether or 335 not these ion channels can be gated by changes in ion concentration. Interestingly, 336
analysis of the taxonomic distribution of different OSCA fragments suggests that TM0 337 is restricted to plants and that the cytosolic domain (residues 191-363; cytoL2) is 338 probably distributed similarly to the rest of OSCA family (Fig. S7-9 and Table S1 ). In 339 fungi and plants, the N-terminus of TM0 is predicted to be on the outside with the 340 osmo-sensing cytosolic domain inside the cell (Fig. 1B) 2.8 microns were used to determine an initial 6.0 Å resolution map that was utilized to 464 build a poly alanine model ( Table 1) . A higher resolution data set was collected using 465 a FEI Titan Krios equipped with a Volta Phase Plate, GatanEnergy Filter and a K2 466 summit camera (Gatan, Inc., Pleasanton, CA). Data were collected at a nominal 467 magnification of 105,000x in super resolution mode and a total of 64,096 individual 468 particle images at a fixed target defocus of -0.5 micron defocus were used to 469 determine the structure at 4.9 Å resolution ( Table 1 and Fig. S2 ). 470 471 EM Data Processing. The Tecnai F30 data set consisted of a total of 9,691 472 micrographs in 3 groups were selected for initial processing after motion correction 473 using MotionCor2 and CTF estimation with Gctf. Non dose-weighted micrographs 474
were used for CTF estimation, and dose-weighted micrographs for all other 475
processing. Approximately 1,000 manually picked particles from each group were 476 used to generate 2X binned templates (2.542 Ǻ pixel size) which were used for 477 autopicking in Relion. Micrographs. Autopicked particles were manually screened, and 478 499,167 particles extracted for further processing in cryoSPARC. 2D classification and 479 selection yielded 342,910 particles which were then used for initial model construction 480
and auto-refinement. Auto-refinement and masking with C2 symmetry yielded a map 481 with 6.0 Ǻ resolution by GSFSC corrected for the effects of masking. Local resolution 482 estimation in cryoSPARC indicated that the core regions have resolutions ranging 483 from 4.5 Ǻ to 6.0 Ǻ.
485
The Titan Krios data set consisted of a total of 2,408 micrographs that were motion 486 corrected using MotionCor2 and CTF's estimated using Gctf. Results were imported 487 into Relion 2.1, A total of 1,126 corrected micrographs were selected for further 488 processing after screening for excessive motion, and poor or poorly estimated CTF's. 489 1,134 particles were manually picked, classified in 2D, and the selected templates 490 used to auto-pick 372,278 particles. Further screening resulted in selection of 650 491 micrographs containing 169,655 particles for additional processing. 2X binned (2.76 Ǻ 492 pixel size) particles were extracted and processed through 2 rounds of 2D 493 classification and selection, resulting in 64,096 remaining particles. 3D auto-494 refinement with C2 symmetry using these particles and an initial model from the 495 previous defocus contrast refinement yielded a model with 7.4 Ǻ resolution. Re-496 extraction with unbinned pixels and subsequent refinement led to no improvement in 497 resolution at this stage. 3D classification into 10 classes and subset selection yielded 498 5 subsets (best single class, best 2 classes, best 5 classes, and all classes) which 499 were used for another round of re-extraction and auto-refinement. The best resolution 500 resulted from using all 64,096 particles and was unchanged at 7.4 Ǻ. Masking and 501 post-processing resulted in an estimated resolution of 6 A. At this point, the 64,096 502 extracted particles were transferred to cryoSPARC, and subsequent processing 503 performed in cryoSPARC. 3D auto-refinement with C2 symmetry using all 64,096 504
particles and an initial model constructed using a subset of 16,438 selected particles 505 resulted in an GSFSC estimated resolution of 4.9 Ǻ. The auto-refined, unsharpened 506 map was further sharpened with a B-factors ranging from -350 to -600 out to a cutoff 507 of 3.5 Ǻ for modelling and a map with a B-factor of -530 was used for subsequent 508
model building and refinement. 509 510
Model building and Refinement. An initial polyalanine model was built using the 6.0 511 Å resolution map with multiple rounds of real space refinement in Phenix/COOT (29, 512 30). In order to determine the absolute hand at this resolution, the initial and inverted 513 model were used for molecular replacement using X-ray diffraction data set that 514 extended to 9 Å in resolution. Only one model provided a solution to the MR search. 515 Subsequent use of this initial model and the observation of the helical hand in the 4.9 516 Å resolution map further confirmed the correctness of the assigned hand. The full 517 atomic model was built into the higher resolution map using multiple rounds of building 518 and real-space refinement in COOT and Phenix. The density maps within the 519 transmembrane region were of sufficient quality to readily identify large aromatic side 520 chains (Fig. S3 ) and helped to confirm the correct sequence registration. Comparison 521 to the recently determined structures of the AtOSCA1.2 (6, 14) further confirmed the 522 correctness of our model despite the lower calculated overall resolution of our map. 523 524
Image Processing. Motion-corrected projections with pixel size 1.271 Å (F30) and 525
1.384 Å (Titan Krios), with and without dose-weighting, were constructed using 526
MotionCor2 (31) with 2X binning and grouping. The CTF estimation was performed 527 using Gctf (32) followed by manual selection to remove micrographs with poor or 528 incorrectly fit CTF, poor astigmatism and contamination. Manual and semi-automated 529 particle picking was done using RELION 2.1 (33), followed by sorting and another 530 round of manual over-reading to remove low quality micrographs. Subsequent 531 refinements were carried out in RELION or cryoSPARC (34). Local resolution 532 estimation was performed using cryoSPARC or ResMap (35). 533 534
Hydrogen-deuterium exchange mass spectrometry (HDXMS). HDXMS 535 measurements were made using a Synapt G2Si system (Waters Corporation).
536
Deuterium exchange reactions were carried out by a Leap HDX PAL autosampler 537 (Leap Technologies, Carrboro, NC). Deuterated buffer was prepared by lyophilizing 538 10 mL of 20 mM HEPES, pH 8.0, and 150 mM NaCl. Lyophilized buffer was 539 resuspended in 10 mL of 99.96% D2O immediately before use, to which was added 540 powdered n-undecyl-β-D-maltopyranoside to a final concentration of 0.06% and 541 cholesterol hemisuccinate to a final concentration of 0.01%. Each deuterium exchange 542 time point (0 min, 1 min, 2.5 min, 5 min) was measured in triplicate. For each 543 measurement, 4 µL of protein at a concentration of 5 µM was mixed with 36 µL of D2O 544 buffer at 25 °C. Deuterium exchange was quenched by combining 35 µL of the 545 deuterated sample with 65 µL of 0.1% formic acid and 3M guanidinum-HCl for 1 min 546 at 1 °C. The quenched sample was then injected in a 50 µL sample loop and digested 547 by an inline pepsin column (Pierce, Inc.) at 15 °C. The resulting peptides were 548 captured on a BEH C4 Vanguard precolumn at a flow rate of 400 µL/sec, separated 549 by analytical chromatography (Acquity UPLC BEH C4, 1.7 M, 1.0 × 50 mm, Waters 550 Corporation) using 7−85% acetonitrile in 0.1% formic acid over 7.5 min, and analyzed 551 in a Waters Synapt G2Si quadrupole time-of-flight mass spectrometer following 552 electrospray injection. 553 554
Data were collected in Mobility, ESI+ mode, mass acquisition range of 200−2000 555 (m/z), scan time 0.4 s. Continuous lock mass correction was performed using infusion 556 of leu-enkephalin (m/z = 556.277) every 30 seconds (mass accuracy of 1 ppm for 557 calibration standard). For peptide identification, data were collected in MS E (mobility 558 ESI+) mode. Peptide masses were identified following triplicate analysis of 10 µM 559
OsOSCA1.2, and the data were analyzed using PLGS 2.5 (Waters Corporation).
560
Peptide masses were identified using a minimal number of 250 ion counts for low 561 energy peptides and 50 ion counts for their fragment ions. The following parameters 562 were used to filter peptide sequence matches: minimum products per amino acid of 563 0.2, minimum score of 7, maximum MH+ error of 5 ppm, and a retention time RSD of 564 5%, and the peptides had to be present in two of the three ID runs collected. After 565 identification in PLGS, peptides were analyzed in DynamX 3.0 (Waters Corporation).
566
Deuterium uptake for each peptide was calculated by comparing the centroids of the 567 mass envelopes of the deuterated samples with the undeuterated controls. To account 568 for back-exchange and systematic autosampler sample handling differences, the 569 uptake values measured at the 1 min time point were divided by 0.79. The longer 2.5 570 min and 5 min deuteration time point deuteration values were divided by 0.75. Data 571 were plotted as number of deuterons incorporated vs time. The Y-axis limit for each 572 plot reflects the total number of amides within the peptide that can possibly exchange. in were observed using the ratiometric Ca 2+ indicator dye, Fura-2 (36). The 598 mammalian cells were transfected with the pCDNA3.1 (control) or the pCDNA3.1-599
OsOSCA1.2-HA vector were cultured on poly-L-lysine coated glass bottom 35 mm 600 dish for 16 to 24 hrs. Cells were loaded with 5 M Fura-2AM (F1221, Invitrogen, 601
Eugene, OR) in loading buffer (~286 mosmol kg -1 ; 130 mM NaCl, 3 mM KCl, 0.6 mM 602 MgCl2, 0.1 mM CaCl2, 10 mM glucose, 10 mM HEPES, adjusted to pH 7.4 with NaOH) 603 and kept in the dark for 45 min, washed twice by assay buffer (~286 mosmol kg -1 ; 130 604 mM NaCl, 3 mM KCl, 0.6 mM MgCl2, 2 mM CaCl2, 10 mM glucose, 10 mM HEPES, 605
and adjusted pH to 7.4 by NaOH) for 5 min each time, and then incubated with 1 mL 606 assay buffer for Ca 2+ imaging. For hypoosmotic treatments, 1 mL hypertonic buffer (3 607 mM KCl, 0.6 mM MgCl2, 2 mM CaCl2, 10 mM glucose, 10 mM HEPES, and adjusted 608 to pH 7.4 using NaOH) was added into the original 1 mL assay buffer resulting in a 609 final osmolality ~168 mosmol kg -1 of the incubation buffer. For ATP treatments, 20 μl 610 of 1 mM ATP was added into the 2 mL ~168 mosmol kg -1 incubation buffer resulting a 611 final ATP concentration of 10 μM. For hyperosmotic treatments, 1 mL of hypertonic 612 buffer (650 mM sorbitol, 130 mM NaCl, 3 mM KCl, 0.6 mM MgCl2, 2 mM CaCl2, 10 613 mM glucose, 10 mM HEPES, and adjusted to pH 7.4 with NaOH) was added resulting 614 in a final osmolarity ~627 mosmol kg -1 in the incubation buffer. 
724
The red arrows on top of the +140 mV illustrates a brief closure of about 50% the full current Table S1 . Plants appear to be the only organisms with 809 sequences similar to TM0, TM9, TM10, Loop 0, and the disordered C-terminal domain. 810 811 fragments. These are the counts used to generate the relative frequencies presented 817
in Table S1 and Figure S9 . Note that NH3-L0 and L0 hit the hypothetical enterococcal 818 protein PWS22870 despite matching fewer taxa. 819 820 Table S1  821  822   823  824  Table S1 : Taxonomic distribution of selected OSCA Fragments. To narrow down 825 the possible regions associated with OSCA's osmo/mechanosensing behavior, the 826 primary sequence of OsOSCA1.2 was split into eight fragments ( Figure S8) . Each
